Abstract: Current advances in automation of pathology methods with focus on toxicologic pathology are dealt with. Areas of tissue can be separated and collected for further analysis by laser microdissection. Automatic stainers for histology and immunohistochemistry rapidly produce high standard quality stains of tissue sections. Confocal laser scanning microscopy allows visualization of fluorochromes with superior quality optical data. Introduction of field emission cathodes and low vacuum technologies to scanning electron microscopy enables examination of non-coated and non-dehydrated specimens. Energy filtering transmission electron microscopy yields high contrast images and provides novel specimen information. Digital image analysis offers systems to support users in specific evaluations. To facilitate orientation on the market, a selection of commercially available equipment is presented and the features of the devices are compared. (J Toxicol Pathol 2008; 21: 207-221) 
Introduction
For obvious statistical reasons, biological experiments are carried out on groups of individuals exposed to the same treatment, rather than on single individuals. Observations in a single individual may be purely incidental, as their statistical probability is 50%. Only with 6/6 individuals reacting the same way, statistical significance > 95% can be achieved. And, because due to individual biological variability not always all individuals react the same way, groups larger than 6 individuals are required to enable meaningful evaluation of experiments. In subchronic toxicology studies with rodents, groups of 10 to 20 animals per sex are formed, and in chronic experiments the group size amounts to 50 or more animals per sex and dose level. High accuracy of the results can be achieved on material in which the individual variation is limited by standardization.
Nowadays, for toxicology studies, animals are available with standard genotypic and phenotypic features, and the in life conditions of studies such as husbandry, feeding and clinical examinations are highly standardized as well. Microscopic evaluation, on the other hand, still widely remains to be "science and art" based on personal judgment. The methods used for effect evaluation in toxicologic pathology were analyzed by Holland 1 . He compared the power of discriminant methods used in pathology, such as affected / not affected, outside-control, pair-contrast, scoring (grading), ordering and measuring, and proved that ordering, and especially measuring were the most powerful approaches. In order to carry out unbiased evaluation and to apply such quantitative methods, there is a need for increased standardization and for automation of pathology procedures.
In toxicologic pathology, quantitative evaluation is used in areas such as staging of spermatogenesis, counting of ovarian follicles, or brain morphometry in developmental neurotoxicity studies. However, this work -usually carried out manually-is tedious and labor intensive. Progress in standardization has been achieved by introducing recommendations with respect to trimming tissues [2] [3] [4] .
Another important step forward in standardization was the introduction of two international systems of nomenclature and diagnostic criteria for terms used in toxicologic pathology (WHO/IARC and STP/SSNDC). The INHAND initiative, which has been started in 2006, is currently revisiting these nomenclature systems to achieve one single international system of nomenclature and diagnostic terms for toxicologic pathology (www.goreni.org). The proprietary knowledge base CEPA (Cell proliferation and Apoptosis 5 ) aims on standardization of immunohistochemical techniques as well as techniques for quantification of cell proliferation and apoptosis and provides a collection of related standardized protocols.
This review deals with current advances in automation of processing, imaging and evaluation in pathology, i.e. developments which clearly increase quality of data, and, additionally to this beneficial effect, also help to increase productivity and limit costs of experimental work.
Laser Microdissection in Toxicologic Pathology
Microdissection of particular tissue substructures or even single cells allows to separate the particular cells of interest from the surrounding tissue without damaging genes and proteins (reviewed in Ladanyi et al. 6 ). Microdissection of whole tissues is increasingly applied in toxicologic pathology and meanwhile has become an essential basis for mechanistic studies in toxicology 7 . In contrast, microdissection of living cells or cytology specimens is of little interest to the toxicologic pathologist and therefore is not dealt with here.
Techniques of laser microdissection
In principle, there are 2 techniques. The first technique is laser capture microdissection (LCM). This technique was developed at the NIH. A transparent thermoplastic film (ethylene vinyl acetate polymer) is applied to the surface of the tissue section on a standard glass slide. Under direct light microscopical control, a carbon dioxide infrared laser pulse is used to specifically activate the film above the area of interest. At this spot, the film melts and bonds to the tissue which can then be lifted off, leaving the rest of the tissue behind 8, 9 . The film is permanently bonded to the underside of a transparent vial cap, and this cap is placed directly onto a vial for molecular processing. The capture process does not damage DNA, RNA or protein because the laser energy is absorbed by the film (http://www.moleculardevices.com/ pages/instruments/microgenomics.html). The second technique is laser cutting microdissection (LMD), using a laser that cuts around the area of interest. A pulsed or solidstate UV laser is used for very precise cutting without heating the target structures ("cold ablation"). Therefore, there is no impact on DNA, RNA or proteins in the dissected cells. No mechanical contact is necessary to carry out the laser cut. However, various techniques are used to transfer cut tissue samples into a vial for further molecular processing (Fig. 1 ). This step is important, since contamination with RNAse or a foreign mRNA or DNA is a significant risk when dissecting tissues. All systems that are commercially available protect the sample against environmental impurities, either by avoiding any mechanical contact or by covering the tissue with a clean glass slide. One technique to transfer cut tissue samples into a molecular vial is "pressure catapulting". This technique allows contact-free sample extraction against gravity (http://www.palm-microlaser. com). Another system uses gravity to collect cut tissue samples that drop into the cap of a vial (http://www.leicamicrosystems.com). In yet another system, microdissected samples are removed from the surrounding tissue using vials with specifically coated caps that attach to the dissected specimen. (http://www.molecular-machines.com).
Computer-assisted microdissection
Whereas previous microdissection systems required manual dissection under direct microscopical visual control, systems nowadays are equipped with motorized slide -and cap handling, CCD cameras and a sophisticated graphical user interface. Slides are scanned and displayed in a software that provides drawing tools for labeling of target cells. Different magnifications can be used and multiple groups of different target cells can usually be labeled ( Fig.  2A) . Some systems are even combined with image analysis software that allows automated detection of the selected areas. After identification of all target cells, these are microdissected automatically (Fig. 2B ). Microdissection can be documented photographically, including images from the host tissue and images from the microdissected tissue sample (Fig. 2C) . Some systems allow processing of multiple slides in one session whereby microdissected areas from several samples can be pooled. This facilitates sampling of similar regions of interest from serial sections of the same tissue and thus results in a higher yield of tissue for downstream molecular analysis.
The success of downstream molecular analysis crucially depends on the number of cells that are sampled. Although under specific conditions molecular analysis of single cells is technically feasible, it is usually recommended to sample not less than 500 cells for mRNA extraction and not less than 1,000 to 5,000 cells (depending on the tissue) for subsequent gene expression profiling by chip hybridization. At least 50,000 cells should be sampled for protein analysis.
Immediately after dissection, the excised tissue samples are lysed for further molecular analysis. Lysis buffer is chosen according to the intended downstream target (RNA, DNA or proteins). Commercial kits for extraction and purification can be used, and many suppliers provide kits that are specifically designed for small tissue volumes derived from microdissection.
Sample preparation for laser microdissection
Inactivation of RNAse after microdissection: If mRNA is to be analyzed, it is crucially important to inactivate exogenous and endogenous RNAses. Therefore, all to the selected tissue area and pulls it out of its connection. B) A laser cuts around the area of interest. This is then catapulted into a vial, using a defocused laser light. C) A laser cuts around the area of interest which then falls into a vial. D) A laser cuts around the area of interest that is mounted on a membrane slide. A normal glass slide protects it from the other side. The membrane binds to a coated cap which lifts off the dissected tissue. 
Downstream Analysis of Microdissected Samples mRNA
As mentioned above, analysis of mRNA in tissue samples requests stringent inactivation of exogenous RNAse and prevention of endogenous mRNAse activation. T i s s u e s c a n b e f i x e d i n 4 % f r e s h l y p r e p a r e d paraformaldehyde, but precipitative fixatives such as ethanol usually yield higher amounts of RNA (see Ladanyi et al. 6 , and references therein). Best results are obtained from freshly frozen tissue samples. Extraction and purification of mRNA should be performed with commercially available kits that are specifically designed for mRNA extraction from small amounts of cells. RT-PCR, either performed conventionally or in real-time, is a very sensitive technique and therefore in theory it can be applied on mRNA extracts from single cells. However, in most cases a minimal number of 500 cells is recommended for reliable downstream analysis. If mRNA expression is to be analyzed with cDNA-microarrays, a minimum of 1,000 to 5,000 cells is recommended. RNA extracted from these cells still needs to be amplified for microarray analysis. This is either achieved by linear amplification 12 , or by PCRbased exponential amplification 13 . The multitude of steps in microdissection and RNA extraction, purification and amplification poses a high risk for technical variability in subsequent microarray analyses. However, several studies have demonstrated that once a protocol is established, the biological variability in gene expression among independent specimens and among histologically distinct samples within a specimen is greater than the technical variability associated with the procedure 14 .
DNA and proteins
In toxicologic pathology, analysis of DNA and of proteins is much less important than analysis of RNA. Nevertheless, nowadays protocols have been established that allow DNA analysis or application of two-dimensional gel electrophoresis, immunoassay, or mass spectrometry based technologies (reviewed in Ladanyi et al. 6 ).
Applications of laser microdissection in toxicologic pathology
Situated between microscopic analysis of tissues from test item-treated laboratory animals on one hand and its molecular analysis on the other hand, laser microdissection is useful in the elucidation of toxicological mechanisms. Laser microdissection has been used to investigate mechanisms of toxicity in specific compartments of the liver 15 , lung [16] [17] [18] [19] , brain 20 , eye 21 , uterus 22 , testis 23 , and prostate 24 . It also was applied to address mechanisms of carcinogenicity in toxicity studies 25, 26 .
Staining

Routine stainers
In toxicologic pathology, HE is the most valuable general stain. Various stainers are commercially available which enable to perform standard quality stain on a large number of slides. User-defined protocols can be employed to achieve the optimal intensity of HE stain or to perform various special stains. Table 1 gives an overview of the most commonly used devices. The SYMPHONY (Ventana), is one of the most current stainers which completely automates every step of slide preparation with one touch operation from deparaffinization to the application of a glass coverslip. The slides are immediately available for pathologist's evaluation. The SYMPHONY has the following advantages: (1) It is not a bath stainer so that it uses fresh reagents for every slide, and that means, there is no deterioration and cross contamination. (2) This device has independent functional modules for slide identification, drying, paraffin removal, staining and coverslipping, and in addition, a modular design for easy service and replacement, when needed. (3) SYMPHONY has its own integrated computer, equipped with a touch screen for operation. A remote support is available. (4) It is very easy to manage reagents and consumables because solutions are pre-packaged. (5) The slides are stained so clearly that resolution is essentially increased. For example, it is difficult to recognize the mast cells in some HE slides stained by a bath stainer, but they become more apparent owing to visibility of cytoplasmic granules in the slides stained by the SYMPHONY. On the photograph in Fig. 3 , the fine structure of spleen, such as red pulp, white pulp, marginal zone, is more clear than that stained by the bath stainer. In brief, one can recognize various structural features more precisely. Such improvements enable accurate diagnoses during short watching time.
In our experience, SYMPHONY also has some disadvantages: (1) After coverslipping, the slides sometimes contain bubbles. (2) Because the sections are stained very clearly, and the tone of stain is sharply reflected by thickness of sections, the technicians need higher technical skills in sectioning. (3) One is dependant on the exclusive reagents only. Moreover, the reagents are expensive, and for some of them, the usage time is quite short. (4) It is not always feasible to use remote support, because of its limited availability especially in pharmaceutical companies. In addition, the maintenance of the device costs a great deal in comparison with other bath stainers.
The other stainers listed in Table 1 are all bath stainers, using the traditional methodology. Still, their use enables to produce slides with standard quality required for successful microscopic evaluation.
Automation in immunohistochemistry
Immunohistochemistry, by definition, is the identification of a tissue constituent in situ by means of a specific antigen-antibody interaction where the antibody has been tagged with a visible label 27 . Since its conception in 1940s 28 , immunochemistry has been used as a tool in all aspects of investigation of biological materials. In many fields it soon passed from an experimental approach to the method of choice and hence became routine 29 . Therefore, slide-based special techniques in toxicologic pathology such as immunohistochemistry remain the gold standard for the evaluation of toxicologic effects on animals following administration of test items in conjunction with microscopic examination of HE stained tissues.
To standardize the procedure of immunohistochemistry, all slides of tissues from different periods of fixation should be stained in the same run and processed in an identical manner. Various automated immunostainer systems are commercially available (Table 2 ). They offer combinations of speed and high throughput necessary to meet productivity requirements without compromising the flexibility and performances essential for today's busy and cost-conscious laboratory of toxicologic pathology. Automatic systems in immunostaining require high degree of reproducibility and productivity in immunohistochemistry (IHC) and moreover in newer technologies such as in situ hybridization (ISH), fluorescent in situ hybridization (FISH), and microarray slide processing. To fulfill the needs of a modern IHC Laboratory, automated immunostainer should exhibit the following main features: -Providing both open -and closed -system flexibility -Offering the possibility to choose from different models depending on the amounts of slides -Possibility of a full bar-code control for slides and reagents -Flexible and user-friendly data management systems Most immunostainers have similar functions, recognizing the slides automatically by bar code and staining them according to specific protocols. Generally the immunostainers have some advantages compared to staining by hand: large numbers of slides can be uniformly stained during short staining time, and such slides are suitable for quantitative analysis. On the other hand, in automated immunostainers it is difficult to make fine adjustment in DAB staining, the reagents are expensive, and about double amounts of primary antibodies are needed compared to staining by hand.
Confocal Laser Scanning Microscopy
Imaging in toxicopathology is mainly based on HE stained slides and special stains including histochemical and immunohistochemical stains, but in the last years there has been an increasing demand for advanced imaging techniques, including confocal laser scanning microscopy (CLSM). This demand is stimulated by the regulatory authorities, that require more data on toxicologic mechanisms. The principle of CLSM was already known about 60 years ago, but recent developments in computer technology, optical instruments and modern fluorochromes allow generating of information based on a superior quality optical data 30, 31 . In contrast to broad field fluorescence microscopy, CLSM allows optical sectioning with a tremendous effect on contrast and resolution. Basically, all of the different system approaches are based on the same concept: The fluorophorelabeled probe is exited by an oscillating laser beam whose scanning spot is focused on a given plane within the specimen. Emitted light of a wavelength longer than the excitation light returns back through the objectives and the optic system, passing a dichroic mirror and the barrier filter. A pinhole aperture is located in front of the detection device, resulting in an elimination of out-of-focus light and an improvement of contrast. While a CCD camera is the common detector (beside the human eye) in broad-field microscopy, a fast and specific photomultiplier tube (PMT) is typically used in CLSM. In the past years, continuing development of new fluorophores and technical devices have lead to new applications that can be used on fixed or living cells 32 . Several commercial devices are in use today and the rapid development of technical specifications and laser sources enable new experimental approaches. Table 3 gives an overview of the most commonly used devices. Fig. 4 shows an example of confocal laser scan of a rat cerebrum.
Electron Microscopy
Scanning electron microscopy
The past decades have seen impressive new developments in the field of electron microscopy, w h i c h seemed to be out-dated with the advent of immunohistochemistry and the -omics technologies. Of utmost importance for life sciences are the introduction of field emission cathodes as well as the low-vacuum and extended low vacuum (Environmental SEM, ESEM) technologies in scanning electron microscopy, which enable scanning of un-sputtered surfaces without electrostatic artifacts.
Field emission SEM (FESEM): Low acceleration voltages became possible by replacing the conventional tungsten cathodes by field emission cathodes, used in field emission SEM (FESEM). Low acceleration voltages means low kinetic energy electrons which penetrate less deeply into the sample compared to high energy electrons. The image generated is closer to the surface, resembling more the real surface. In addition, the electron beam can be better focused resulting in smaller area contamination so that electric charging of samples is markedly reduced. This reduces the need to coat insulating probes with a conductive.
Environmental SEM (ESEM): Conventional SEM requires samples to be imaged under vacuum, which means that samples that would produce a significant amount of vapor, e.g. biological specimens, need to be either dried or cryogenically frozen. Samples, therefore, cannot be observed in the native, hydrogenated state. In addition, conventional SEM examination, and even FESEM examination, may lead to electric charging of insulating problems if not coated with a conductive material. Coating, however, may reduce the value of the results obtained as small details on the surface of the sample may be concealed, let alone that coating is done under vacuum, which drastically alters hydrated specimens.
Several technical advances made possible the examination of non-coated and non-dehydrated specimens in a low vacuum. These were: -The use of pressure-limiting apertures with differential pumping in the path of the electron beam to separate the high vacuum regions around the gun and lenses from the low vacuum region of the sample chamber.
-The field emission cathodes which allow generation of high beam currencies necessary to penetrate the chamber gas. ESEM can be applied to a broad range of specimens. In contrast to conventional SEM techniques, preparatory steps are not required. Electrostatic charging of the specimens is drastically reduced by the chamber gas which allows neutralization of electric charges of the sample surface by ions in the gas phase. Therefore, the surface does not need to be sputtered. The largely non-destructive nature of ESEM means that specimens can be either re-used for further experiments or studied using complementary techniques such as TEM or confocal microscopy. The region of interest for TEM examination may be selected by the "scanning TEM -STEM" mode. The absence of a coating means that the native surface can be examined.
Examples for the application of LV-SEM such as investigation of morphology, attachment and proliferation on biomaterial substrates, examination of bone-implant interfaces are given by Stokes 33 . The tabulated overview of scanning electron microscopes presented below (Tables 4 and 5 ) is in no way exhaustive and focuses on those technologies which may have the highest impact on the examination of biological materials. It will only give a rough overview. It is strongly recommended to supplement this information by visiting the very informative homepages of the vendors as the next step. Technical superiority of one microscope above others does not necessarily mean that it would also be the best choice for every application. Magnification and resolution, for example, are usually only of theoretical interest. Their importance in toxicologic pathology may be limited to very specialized questions which require extremely well preserved samples. Simple features like chamber overview when manipulating the sample or orientating on the sample at low magnification may be of even more importance for the day-to-day work.
Transmission electron microscopy
Significant technical advances have been reached also in transmission electron microscopy. Field emission cathodes and aberration correction of the electron beam have extended the resolution far into sub-nanometer dimensions, combined with high beam currents as required for high resolution analysis. This is of importance for material sciences. For life sciences, however, the introduction of Energy Filtering Transmission Electron Microscopes (EFTEMs) is surely of much higher impact. The same holds true for tomographic imaging, which makes possible three Energy filtering transmission electron microscopes (EFTEMs): In both the conventional transmission electron microscope (CTEM) and the EFTEM, the specimen is exposed to monoenergetic electron radiation. As a result of the scattering in the specimen, a polyenergetic electron beam is produced. In CTEM, electrons are selected from the electron beam via the lens aperture diaphragm according to their scatter angles. This angular selection results in scatter or diffraction contrast. The image is formed by all electrons passing the lens aperture diaphragm, in other words with a polyenergetic electron beam.
In EFTEM, the transmitted electrons are subjected to an additional energy selection after the angle selection. A specific filter (e.g. OMEGA filter) acts as a spectrometer. This additional electron selection results in contrast enhancement for all imaging modes and also provides the possibility of selecting electrons with specific scattering effects for imaging, thereby generating object or chemical element specific contrasts. Contrary to the CTEM method, the image is formed exclusively by a "monoenergetic" electron beam. The filtering out according to energy and energy bandwidth does not have an adverse effect on the resolution, unlike smaller lens aperture diaphragms. EFTEM has multiple advantages over CTEM: -Generating of high-contrast images, even from unstained, thin specimens. -Generating of new specimen information from structure and element sensitive contrast. -Reduction of preparatory steps if unstained specimens are used. -Element imaging and comprehensive element analysis with high lateral resolution. Table 6 compares two transmission electron microscopes with specific but different strengths for life science research.
Electronic Image Analysis
In Histopathology, imaging techniques have been used for a long time. In early days, paper based photos or slides where utilized to document histological findings. But soon the request for quantitative measurements emerged. Stereological measurements, based on black and white photos were time consuming. With digitizing tablets the laborious manual counting of intersections or tracing of figures became more efficient, but a high degree of training for the operators was still essential to achieve reliable results. The development of mathematical algorithms to extract more and more information from digitized images was accompanied by the development of digital frame grabbers for converting the analogue signal of video cameras to binary information. Increasing power of desktop computers and the development of CCD cameras were the quantum leap to make these systems available not only to experts but also to work-bench users. Highly sophisticated systems with simple interactive user interfaces and extensive programming languages were promised by industry to be flexible and usable by everybody. But the number of filters and functionalities overstrained the normal user. During the last few years a trend to more modular image analysis systems has emerged. Highly effective and simple to use modules have been developed for single specific tasks. Beside this, a high degree of automation has become available, fostering the sales of software as well as hardware. Microscopes with engine driven front lens revolvers and fixed objective-aperture stop combinations are now on the market. Commercial image analysis programs support these features. Image analysis solutions for fully automated pathology analysis are still not available. In contrast, toolbox based software packages 34 for general imaging use are widely available and frequently packaged with camera equipment for digital image acquisition and control of microscopes. Among these are Zeiss AxioVision (former KS400), Nikon NIS Elements as well as Image Pro Plus and Image J.
Although image analysis in its original sense is still a field for experts, systems and programs to support the users with specific tasks have been developed and some of them are presented here. Table 7 compares some of their features.
Zeiss AxioVision (http://www.zeiss.de/mikro)
Zeiss offers a highly modular system, named AxioVision, build up on a base layer program. Modules for image acquisition, from simple capture and store to extended focus and time dependent series could be combined with interactive and automatic measurement modules. For repeating identical steps during an analysis a recording module could be installed. The application could be also extended by a VBA application programming interface, which gives the user full control to the image acquisition, storing and measurement functionality of AxioVision.
Leica QWin (http://www.leica-microsystems.com/)
Four different sized packages of QWin, the imaging software of LEICA are available: Lite, Plus, Standard and Professional, all with increasing functionality. While Lite and Plus are useful for interactive measurements, Standard and Professional are advantageous for automated image analysis. All of these bundles can be updated to the next higher package. Different modules are available for special tasks like motorized stages (QXI) or extended focus (QXF). Olympus (former SIS) AnalySIS (for material science) or cell*-Family (for biomedical research) are based on the same software platform. The name analySIS will be used in the following as a synonym for the cell*-Family. This software will be discussed in detail. All of these packages mainly operate on individual pixel values for segmentation and classification.
AnalySIS has been developed for biomedical, material science and general industrial image analysis. It interfaces with most state-of-the-art microscopes. It can be used as the image acquisition and analysis system for Transmission Electron Microscopy, Light Microscopy and Macroscopic Camera Stations in support of preclinical safety assessment GLP-studies. It is also capable of driving a microscope stage for automated acquisition. AnalySIS provides the user with the functionality to capture, store, process, analyze, display, print, export, and archive GLP and non GLP study images.
AnalySIS can be operated according to GLP guidelines with regard to electronic records and audit trails. This is achieved by interfacing to a data management system ("DMS") called BM-windream, provided by BioMedion (BioMedion GmbH: Knochenmühle 3, D-37075 Göttingen), that provides a 21 CFR Part 11 (U.S. FDA Code of Federal Regulations on electronic records and electronic signatures) compliant solution for supporting computer generated electronic records, audit trails, electronic signatures, and electronic archiving.
Among other solutions for image enhancement, the image analysis toolbox provides manual and automatically driven spatial measurements, classification with user definable classes and filtering of images. It is also equipped for 3D imaging and time-laps experiments. An important feature is also the option of extended focal imaging (EFI) to generate a composite in focus image of a thicker sample from a series of images taken at different focus planes.
Workflow of tasks within the software can be automated using recording of analysis instructions in macros that can later be applied to different images. These macros can also be modified by programming, using the macro language. In addition, a high level programming language (imaging C) is provided to allow for more advanced user specific adaptation of the system.
AnalySIS has been successfully used in several preclinical safety studies with various degrees of automation.
Definiens
Definiens eCognition™ software is an image analysis platform that encompasses applications for life and earth sciences, a server based computational environment and an application development framework. Its development started in 1996. Application development focuses on life sciences as well as earth sciences and remote sensing.
To build cognition networks from the image objects, it utilizes the proprietary Cognition Network Technology, that captures their mutual relationships. A series of iterative segmentation and classification steps is performed to create these semantic networks, which are context-specific and object oriented. This technology enables the meaningful representation of structures of high complexity as encountered in tissue sections. Proprietary Cognition Network Language is used to create rule sets for specific applications, that assess and describe the image object relationships and map the complex tissue structures. The eCognition technology also provides an algorithmic framework for handling entire digital slides. The digital slides can be rescaled as well as tiled and stitched to perform required tasks on the most appropriate level of image resolution and size. This feature also allows to process tasks in parallel through tiling of images. It goes hand in hand with the highly scalable client-server structure of the software. A scheduling component distributes tasks in parallel to the available number of computation engines (servers).
The technological developments around digital slides and the visualization of biological processes using assays/ probes poses an increasing demand for software tools that allow flexible analysis, yet with a high throughput approach from cell to tissue level. Definiens eCognition softwareaiming at extracting and iteratively incorporating complex 
Examples of Application of Image Analysis in Toxicologic Pathology
Morphological and morphometric analysis of paclitaxel and docetaxel-induced effects on peripheral nerves in rats
Experimentally induced effects of paclitaxel and docetaxel have been compared in Wistar rats using neurophysiological, neuropathological and morphometrical methods 35 . AnalySIS has been used to evaluate microtubule density in transmission electron microscopic images of the sciatic nerve. Axons were categorized into three groups according to size and myelination. Microtubules from 20 axons from each group were counted automatically with a dedicated macro developed in AnalySIS (Fig. 5) .
Cell proliferation measurement in cecum and colon of rats
Induced cell proliferation is frequently evaluated as part of the assessment of carcinogenic risk of a compound. Definiens eCognition has been used to automate the counting of nuclei 36 . Tissue slides were taken from a 4-week m e c h a n i s t i c s t u d y a n d p r o c e s s e d f o r B r d U immunohistochemistry. Four section of cecum and colon per slide were scanned with a Zeiss MIRAX SCAN and analyzed with two rule sets for counting BrdU positive and negative nuclei, one for cecum and one for colon. Nucleus count was restricted to the mucosa, which was automatically delineated by the Definiens rule sets (Fig. 6 ).
Automated analysis of proliferation index in PCNA and BrdU stained jejunum in toxicology studies
As part of toxicologic studies cell proliferation was assessed in the jejunum of rats, using immunohistochemistry staining of PCNA and BrdU 37 . A cell proliferation index was computed for crypts that fulfill the prerequisite of being fully visible as a cross section in the images. Crypts with an appropriate longitudinal cross section were automatically found by the Definiens eCognition application and the correct shape was extracted. Within this region, size, number of positive and number of negative nuclei were evaluated (Fig. 7) .
Automated evaluation of T-cell and macrophage infiltration in a delayed-type hypersensitivity model
S l i d e s o f s k i n b i o p s i e s w e r e p r o c e s s e d immunohistochemically for CD3 and CD68 to stain T-calls and macrophages, respectively. Approximately 230 slides were scanned with a Zeiss MIRAX SCAN system. A rule set using the rescaling capabilities has been developed to outline the biopsy and detect T-cell and macrophage areas (Novartis internal report, Fig. 8 ).
Image analysis systems are beneficial in quantification of histological alterations. Dose and/or time dependent effects could be demonstrated and this could help to e x a g g e r a t e t h e m o d e o f a c t i o n o f a s t i m u l u s i n histopathology. The automation of systems and the implementation of interfaces between microscopes and image analysis systems in the last few years was a big advantage in reducing the time of operators and led to light calibrated systems.
A fully automated workflow for the quantitative evaluation of tissue slides in pathology, including staining, scanning and images analysis of entire digital slides will certainly have distinct advantages over traditional manual approach. In combination with advances in software technology and ever increasing computing power it carries great potential for the future.
Automated processing of the different workflow stages renders most of the tedious work unnecessary and releases resources for the pathologists. Analysis of entire digital slides enables quantitative assessment of whole organ sections, increasing dramatically the number of cells/events contributing to the evaluation. This presents robust and objective results with a better statistical substantiation. Automation and increasing speed of analysis open up possibilities to investigate topics in depth, that have been too time consuming until date.
Presently, the lack of standardization for imaging interfaces impedes finding the optimum combination of softand hardware. Hardware independent solutions are rarely available. In some cases different solutions are needed for capturing, storing and analyzing images, which makes electronic imaging manageable only for trained users. Skills in computer techniques are essential to run these systems. While standardization was established for microscopic illumination and calibration of the distance, a calibration for real color as it is available even for low cost scanners (IT8 standard, LaserSoft Imaging AG, http://www.silverfast.de/) is still missing. Thus a vast amount of histological images is overexposed and is lacking the full dynamic of true colored slides. The reduction of the stored digital images to 3 × 8 = 24 Bit RGB information, sometimes accompanied by compression, renders image analysis based on color information a difficult task. Digital functions like shading corrections or filter functions make the user believe the quality of the image increases, but in reality the opposite is the case, since the information is lost. Many of these problems have been known for a long time 38 . With quantitative techniques, objectivity and reliability are the most important factors for the acceptance both as industrial standards and by the authorities. This can be only achieved by standardization which still is expected to occur in far future. Possibly the coalescence of material and biomedical science with home user applications (Adobe Photoshop, www.adobe.com) will bring the urgently needed breakthrough. 
A) B)
Conclusion
In this review, the authors presented current advances in pathology techniques such as laser microdissection, analysis of dissected tissues, routine and immunohistochemical staining, confocal laser scanning microscopy, scanning electron microscopy, transmission electron microscopy and electronic image analysis, with particular attention to standardization and automation of these procedures. The review demonstrates how standardization and automation in toxicologic pathology is progressing and attempts to demonstrate both the advantages and the weak points of each development. It shows which techniques already are available and can be usefully applied, and leaves no doubt that further advances will be needed to achieve accurate and credible data within reasonably short time and at reasonable costs. Since each laboratory is using a limited number of selected equipment, each author mainly communicated views and opinions derived from personal experience in his laboratory environment, supplemented by data retrieved in the literature or offered by the vendors. We are convinced that for those who contemplate introducing new techniques or improving the techniques used in their laboratories, or are planning establishing new laboratories, personal experience of colleagues active in the respective field can valuably contribute. And such personal experience is offered in this review.
Disclaimer
All statements with regard to technical equipment are made to the best of the authors' knowledge. However, the authors cannot guarantee the accuracy of any data point, as there may be actual changes in the equipment and performance of the devices. There may also be differences between the vendors' product specification and the achieved performance.
